Neurofibromatosis type 1 (NFl) is an autosomal dominant disorder which is found in all populations, with an incidence of about 1 in 3000 births. NF1 is characterised by cafR au lait spots, cutaneous neurofibromas, axillary or inguinal freckling, and Lisch nodules.' Approximately one third of affected subjects display assorted medical complications, from mental retardation and learning disabilities to an increased risk of malignancy. The disease exhibits pleiotropic clinical manifestations even among family members who carry the same disease mutation.
The NF1 gene has been mapped to the 17ql 1.2 chromosomal region. This gene spans more than 300 kb of genomic DNA, and its coding sequence is composed of 59 exons. The 13 kb transcript encodes neurofibromin, a 2818 amino acid polypeptide. The NF1 mutation rate, 1 x 10-4/gamete/generation, is about 100-fold higher than the usual rate for a single locus. In fact, approximately 50% of cases are the result of de novo mutations.
Even now that the complete sequence for the NFl gene is known, the detection of the molecular defect in patients is hampered by the apparent lack of a mutation "hot spot" in this large and highly mutable gene. Linkage disequilibrium analysis could provide insight into the usefulness of these markers for genetic counselling. Furthermore, since recombination and disequilibrium are closely related, the pattern of allelic association between these physically related markers could be useful to detect a recombinational "hot spot".
Linkage disequilibrium between these multiallelic marker loci was tested by the likelihood based method8 and extended haplotypes were also constructed to evaluate this linkage disequilibrium.
Materials and methods

FAMILIES
A total of 64 NF1 families, 25 ACI27.2 has formerly been cited (GenBank accession number L03723). For PCR amplification of this microsatellite, we designed the following pair of primers: ACI27.2A 5'GTGGAACTGCAGCAATTATTT 3' and ACI27.2B 5' AAACTTGAGGTGATGACA-GGA 3'. PCR conditions were identical to those for IVS27AC28.4 but 1X5 mmol/l MgCl2 was added.
The amplification products of IVS27AC28.4 and ACI27.2 were analysed on native polyacrylamide gels (5-5% or 7% respectively) and bands were visualised by ethidium bromide staining.
The analysis of IVS38GT53.0 was performed under conditions previously described.6
STATISTICAL ANALYSIS
We used the likelihood based approach to estimate the allele and haplotype frequencies. This approach is independent of the number of marker alleles and also independent of the number of marker loci considered.
All microsatellites were tested to determine whether the observed genotypic distributions conformed to those expected under HardyWeinberg equilibrium (HWE) by using the HWE program (Linkage utility programs)."o To test and estimate linkage disequilibrium between alleles of these four markers, we used complex modification of the source code, it has to perform the test between two loci each having a maximum number of seven alleles. Therefore, we omitted those unrelated subjects carrying low frequency alleles of AC127.2 (alleles 2 and 3) and IVS38GT53.0 (alleles 3 and 8). For multiple comparisons the significance levels were corrected by using the Bonferroni procedure. We tested whether there was a difference in the overall distribution of alleles on disease bearing and normal chromosomes. This involves a x2 test with 2 x n contingency table, where n is the number of alleles at a particular locus. We also tested whether there is a single allele with a significantly higher frequency on disease bearing chromosomes than on normal chromosomes. Thus, we examined each allele separately to look for an increase (using a standard one sided test).
Results
GENOTYPING OF NFI FAMILIES
A total of 345 subjects from 64 NFI families were genotyped with the four microsatellites described above. The allele sizes, frequency distributions, and estimated heterozygosity for each microsatellite were obtained after analysing 125 unrelated subjects (25 affected and 100 unaffected) and are summarised in table 1. No recombination or mutation events were observed in a total of 318 meioses.
The allele frequencies for AAAT Alu repeat, IVS27AC28.4, and IVS38GT53.0 do not differ significantly from the original descriptions of these microsatellites. ACI27.2 has formerly We tested linkage disequilibrium between alleles of each pair of markers by using the EH program (version 1.1). For all the marker pairs except AAAT Alu repeat/IVS27AC28.4 we could reject the hypothesis of no association (Hardy-Weinberg equilibrium), that is to say all the marker pairs with the exception of the AAAT Alu repeat/IVS27AC28.4 pair show linkage disequilibrium at the significance level p<O-OO1.
As described in Methods, we studied the possible disequilibrium between NFI and the four markers. Our sample of 25 affected chromosomes identified in familial cases and 25 normal chromosomes carried by these patients were compared. The 39 sporadic affected subjects were not included in the study since we could not identify which chromosome was the affected one. In the overall distribution of alleles on affected and normal chromosomes, there was no significant difference. As expected for a disease in which at least 50% of cases are sporadic, no disequilibrium was observed between the disease locus and any of the alleles of these markers (data not shown).
ANALYSIS OF EXTENDED HAPLOTYPES
To investigate the linkage disequilibrium further, extended haplotypes with the four microsatellite markers were constructed. This For genetic counselling purposes, it is relevant to evaluate the consequences of allelic association on the incidence of homozygotes for this set of polymorphic microsatellites. It is likely that the frequency of homozygotes is increased since only 11 haplotypes account for 52% of the total chromosomes. Analysis of homozygosity was carried out on unaffected subjects to avoid confusion between putative hemizygosity (apparent homozygotes), owing to deletions causing disease, and real homozygosity.
We observed an increase (about five times higher than expected) in the number of homozygotes for the four markers (x2 = 12-32, p= 0 00045, df= 1). The distribution of homozygotes for all possible combinations of three markers is shown in table 3 . A significant increase in homozygosity was found for the triads AAAT Alu repeat/ACI27.2/IVS38GT53.0 and IVS27AC28.4/ACI27.2/IVS38GT53.0, but it was not found for the triads in which AAAT Alu repeat and IVS27AC28.4 were included together. Finally, we achieved a similar effective heterozygosity by genotyping either the combination of more informative markers (IVS27AC28.4/ACI27.2/IVS38GT53.0) or a combination of less informative ones. These! results are in agreement with the pattern of disequilibrium found by using the EH program, which did not detect significant disequilibrium between AAAT Alu repeat and IVS27AC28.4. 4 To obtain conclusive information in familial segregation analysis, genotyping of at least three of these intragenic microsatellites might be necessary. To achieve the greatest amount of information two altemnative combinations of this set of markers should be used (AAAT Alu repeat/IVS27AC28.4/IVS38GT53.0 or IVS27AC28.4/AC127.2/IVS38GT53.0) which yield an effective heterozygosity of up to 92-5%. For genetic counselling, testing of additional extragenic polymorphisms must be considered. Recombination in the region between the centromere and the NF1 locus appears to be very rare, and tight linkage disequilibrium among proximal RFLP markers in the pericentromeric region is observed. 1 " Therefore, testing of proximal markers might provide no useful information. Genotyping of distal markers is more advisable, in particular the pl1 -lF1 0 polymorphism which is only 70 kb from the 3' end of the NF1 gene, and exhibits low disequilibrium values with several RFLP markers in the NF1 gene.3 Identification of new microsatellites in the NFl region should improve the genetic analysis of NFI families.
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